Abstract Pigeonpea productivity is greatly constrained by poor plant ideotype of existing Indian cultivars. Enhancing pigeonpea yield demands a renewed focus on restructuring the ideal plant type by using more efficient approaches like genomic tools. Therefore, the present study aims to identify and validate a set of QTLs/gene(s) presumably associated with various plant ideotype traits in pigeonpea. A total of 133 pigeonpea germplasms were evaluated along with four checks in the augmented design for various ideotype traits i.e. initiation of flowering (IF), days to 50% flowering (DFF), days to maturity (DM), plant height (PH), primary branches (PB), seeds per pod (SP) and pod length (PL). We observed significant genetic diversity in the germplasm lines for these traits. The genetic control of IF, DFF, DM and PH renders these traits suitable for detection of marker trait associations. By using residual maximum likelihood algorithm, we obtained appropriate variance-covariance structures for modeling heterogeneity, correlation of genetic effects and non-genetic residual effects. The estimates of genetic correlations indicated a strong association among earliness traits. The best linear unbiased prediction values were calculated for individual traits, and association analysis was performed in a panel of 95 diverse genotypes with 19 genic SSRs. Out of five QTL-flanking SSRs used here for validation, only ASSR295 could show significant association with FDR and Bonferroni corrections, and accounted for 15.4% IF, 14.2% DFF and 16.2% DM of phenotypic variance (PV). Remaining SSR markers (ASSR1486, ASSR206 and ASSR408) could not qualify false discovery rate (FDR) and Bonferroni criteria, hence declared as false positives. Additionally, we identified two highly significant SSR markers, ASSR8 and ASSR390 on LG 1 and LG 2, respectively. The SSR marker ASSR8 explained up to 22 and 11% PV for earliness traits and PB respectively, whereas ASSR390 controlled up to 17% PV for earliness traits. The validation and identification of new QTLs in pigeonpea across diverse genetic backgrounds brightens the prospects for marker-assisted selection to improve yield gains in pigeonpea.
Introduction
Pigeonpea [Cajanus cajan (L.) Millsp.] belongs to the tribe Phaseoleae in the family Leguminosae (Lackey 1977; van der Maesen 2003) . C. cajan is the only domesticated species subtribe Cajaninae and has a genome size of 833.07 Mbp (Varshney et al. 2012) . It is a hardy, widely adapted, drought tolerant pulse crop that is cultivated globally on 5.40 million hectares with an average annual production of 4.48 million tonnes (FAOSTAT 2016) . Due to the vast natural genetic variability in local germplasm and the presence of numerous wild relatives, India is considered as the primary center of origin (Van der Maesen 1980) and remains one of the largest pigeonpea producers accounting for 71% (3.88 mha) and 63.39% (2.84 mt) of Electronic supplementary material The online version of this article (https://doi.org/10.1007/s12298-018-0584-6) contains supplementary material, which is available to authorized users. the global area and production, respectively (FAOSTAT 2016) . Pigeonpea cultivars have a narrow genetic base due to limited utilization of wild pigeonpea species in breeding programs. The breeding efforts aimed at improving pigeonpea led to the development and release of more than 100 improved varieties over the last 50 years in India (Singh et al. 2016) . However, the genetic gain from conventional breeding has remained limited over same period of time (Varshney et al. 2013) . This implies toward an urgent need to strengthen pigeonpea breeding programs with the modern genomic tools to improve their efficacy .
Notwithstanding the substantial efforts directed towards pigeonpea genetic improvement, the crop productivity has remained near-stagnant over the last several decades. Poor productivity of pigeonpea is due to a range of constraints, of which poor plant type and longer crop duration of existing cultivars are of paramount significance (Odeny et al. 2007 ). Improving yield gains in pigeonpea calls for a renewed focus on restructuring the ideal plant type. Also, the development of short duration pigeonpea cultivars could bring significant increment in pigeonpea productivity (Saxena and Sharma 1990; Saxena 2008) . In pigeonpea, days to flowering and days to maturity determine earliness and the two traits are important with respect to increasing cropping intensity in rotation systems such as pigeonpeawheat system.
Plant ideotype breeding intends to deliver crop genotypes that are suitable for modern farming practices and it involves improvement in key traits such as harvest index and mechanical harvesting. In other words, ideotype breeding seeks accumulating favorable QTLs for various component traits in a given genotype (Wu 1998) . Several plant attributes including plant height, number of branches, pods per plant and synchronous maturity collectively contribute to improved plant architecture. Besides, shortduration cultivars are important in light of the need for increasing cropping efficiency of farming system. Although conventional breeding in pigeonpea has delivered a range of cultivars catering to the demand of wider farming community, remodeling of plant type through deploying modern genomic tools has not yet been started (Kumawat et al. 2012) .
To understand the genetic architecture of a particular trait, discovery of genomic regions/QTLs tightly associated with the trait remains crucial. To this end, Kumawat et al. (2012) identified a set of QTLs in pigeonpea for traits pertaining to plant type and earliness viz. plant height (qPH5.1), number of secondary branches/plant (qSB5.1), number of pods/plant (qPD5.1), days to flowering (qFL5.1) and days to maturity (qMT5.1). Interestingly, all these QTLs were mapped on to the linkage group 5 (LG 5) within the marker interval 'ASSR100-ASSR 206'. Two QTLs for earliness qFL5.1 and qMT5.1 had PV up to 25.9%, whereas QTLs for plant type traits (qPH5.1, qSB5.1 and qPD5.1) explained up to 27.5% PV. Later, Geddam and colleagues (2014) successfully validated QTLs for plant type and earliness traits in recombinant inbred (RIL) population in pigeonpea. Determinacy is another important trait in pigeonpea for which CcTFL1 gene has been identified as a likely candidate gene (Mir et al. 2014) .
Apart from bi-parental population, QTL-validation in diverse germplasm lines confirms the utility of these tools for accelerated and targeted improvement of the concerned traits. Given the fact that ideotype breeding involves reconstructing plant type via capturing favorable gene(s)/ allele(s) (Dhanasekar et al. 2010 ), the present study reports identification of new and validation of previously reported QTLs for plant ideotype traits in pigeonpea. The information generated in this study could pave the way for an efficient ideotype breeding to deliver superior pigeonpea varieties.
Materials and methods

Plant material and trait phenotyping
Plant material comprised 133 diverse pigeonpea genotypes including four controls viz. UPAS 120, ICP 8863, IPA 203 and Dholi Dwarf (Suppl. Table 1 ). Experiment was conducted in augmented design (Federer 1956 ) with seven blocks at Indian Institute of Pulses Research (IIPR), Kanpur during 2016-2017. Controls were repeated in each block. Each block contained 19 test entries and four controls with a spacing of 60 9 30 cm and a row length of 5 m each. Recommended agronomic practices were followed to raise healthy crop. Phenotypic data on plant ideotype traits viz. plant height (PH), primary branches (PB), seeds per pod (SP), pod length (PL), and earliness traits such as initiation of flowering (IF), days to fifty percent flowering (DFF), days to maturity (DM) and determinacy [determinate (DT)/indeterminate (IDT)] were recorded on all entries. Five plants from the middle of each row were used for trait scoring. The earliness traits i.e. days to initiation of flowering and fifty percent flowering were scored as number of days counted from the date of sowing to the opening of the first flower and fifty percent flowering, whereas days to maturity were calculated from the date of sowing to the date when nearly 80% of the pods turned yellow. The remaining plant type traits viz. PH, PB DT, IDT, SP and PL were recorded at maturity and after harvesting. Finally, a sub set of 95 genotypes was chosen for validation of QTLs/genes using an association mapping approach (Table 1) . On the other hand, 120 genotypes were used to determine the discrimination efficiency of CcTFL1 marker for determinacy trait.
Marker genotyping
Genomic DNA was isolated from young leaves of pigeonpea genotypes by following modified cetyltrimethylammonium bromide (CTAB) method (Agbagwa et al. 2012) . Polymerase chain reaction (PCR) templates were prepared by diluting stock DNA samples to 10 ng/ll. Association analysis was conducted using 19 genic-SSRs including five QTL flanking markers with known map positions (reported by Kumawat et al. 2012) and CcTFL1 specific SNP markers for determinacy trait (reported by Mir et al. 2014 ) (Suppl. Table 2 ). The PCR for genic SSRs was performed in 10 ll reaction mixture that contained 10 ng genomic DNA, 1 ll 10X PCR buffer (15 mM of MgCl2), 1 mM dNTP mix, 10 lM of forward and reverse primer and 0.2 ll Taq DNA polymerase (3 U/ ll). The PCR program was as follows: initial denaturation at 94°C for 5 min, followed by 35 cycles of 94°C for 1 min, 55°C for 1 min, 72°C for 1 min and final extension of 72°C for 7 min. For allele specific CcTFL1 marker assay, two external common primers (external common forward primer-TFL1_PCR_CF and external common reverse primer-TFL1_PCR_CR) flanking the SNP and one internal primer targeting one SNP allele ''A-allele'' (TFL1_PCR_A) and the other internal primer targeting the other SNP allele ''T-allele'' (TFL1_PCR_T were used. These four primers were multiplexed into a single PCR reaction to obtain co-dominant pattern. The 20 ll reaction mixture containing 20 ng genomic DNA, 2 ll 10X PCR buffer (15 mM of MgCl2), 2 mM dNTP mix, 5 lM of each two common external and two SNP specific internal primers and 0.3 ll Taq DNA polymerase (3 U/ll) was used. The touchdown PCR profile was followed with the following conditions: Initial denaturation at 94°C for 5 min followed by 10 cycles of touchdown 60°C, 30 s at 94°C, annealing for 30 s at 55°C (the annealing temperature for each cycle being reduced by 0.5°C per cycle) and extension for 45 s at 72°C. This was accompanied by 30 cycle of denaturation at 94°C for 30 s, annealing at 55°C for 30 s, elongation at 72°C for 45 s, and 10 min of final extension at 72°C. All the PCR reactions were conducted in G-40402 thermo cycler (G-STORM, Somerset, UK). The amplification products of genic SSRs, CcTFL1 assay were resolved on 3 and 2% agarose gels respectively using 1XTBE running buffer. Finally, all the images were analyzed in Quantity one software (Bio-Rad, CA 94547, USA) (Fig. S1 ).
Statistical analyses
Phenotypic data on seven plant ideotype traits were recorded on 133 test genotypes to obtain adjusted trait values and subjected to analysis of variance (ANOVA) as per augmented design (Federer 1956 ) using Windostat ver. 8.5. The descriptive statistics, frequency distribution graphs and box plot analysis were performed using GenStat ver. 18. The residual maximum likelihood (REML; Patterson and Thompson 1971) algorithm of GenStat ver. 18 was used to analyze all the traits measured in experiments, considering genotypes as random and block effect as fixed for calculating the best linear predictions (BLUPs). The BLUP values were used in association mapping since these will minimize the effects of environmental variations (Kump et al. 2011) . Let y be a trait observations, then the linear mixed model has the form:
where y ib is the phenotypic value of ith genotype and bth block; l is the overall mean of the genotypes; g i is the random effect of ith genotype; k b is the fixed effect of bth block; and e ib is the random residual error due to genotype and block. The block terms were treated as fixed effects, and their significance was assessed by Wald test statistics (p \ 0.05), while genotype was considered as random effect and their significance was tested by likelihood ratio test. Variance components due to genotype (rg 2 ) and corresponding standard errors (SE) were estimated and then used for calculating heritability. To compare residual genetic variance-covariance matrix models for each trait and to identify best model, both Akaike Information Criteria (AIC, Akaike 1974) and Bayesian Information Criteria (BIC, Raftery 1986) were calculated. The minimization of AIC and BIC allowed us to select the significant factors, variance function and covariance structure to be considered in the model. Total five models were compared for variance-covariance (VCOV) structure: model 1-Identity (ID) considers homogeneous residual genetic variances, model 2-Diagonal (DIAG) considers heterogeneous residual genetic variance, models 3-AR1 and 4-AR2 are based on first and second order autoregressive for heterogeneous residual variances and model 5-Uniform (UNI) is based on residual variance. The estimated BLUPs were used for association analysis and marker validation. Further, pairwise genetic and phenotypic correlations were calculated using Pearson's correlation coefficient and correlation heat map was drawn using Heatmapper (Babicki et al. 2016 , http://www.heatmapper. ca). For calculating pairwise genetic correlations for the plant ideotype traits, model-based predictions for each trait from corresponding linear mixed model were used.
Population structure analysis
The data of 19 SSRs and one SNP marker scored on 95 genotypes were used to infer genetic structure using modelbased approach with STRUCTURE ver. 2.3.3 (Pritchard et al. 2000 , http://pritch.bsd.uchicago.Edu/structure.html). The project was run with the admixture model and correlated allele frequency using burn in period of 20,000 and 200,000 Markov Chain Monte Carlo (MCMC) replications. Five independent runs were performed with each K value ranging from 1 to 10. Evanno's delta K value was calculated by using STRUCTURE HARVESTER program by processing the STRUCTURE results (Evanno et al. 2005) . DARwin ver. 6.0.13 (Perrier and Jacquemoud-Collet 2006) was employed to generate genetic distance (GD) matrix, which was then used to creating dendrogram and factorial analysis.
Association analysis
Association analysis was performed with TASSEL ver. 2.1 (Bradbury et al. 2007 ). Marker significance was tested for genotypic and phenotypic data by following three models (GLM Q, K and Q ? K). Markers with minor allele frequency (MAF) of less than 5% were excluded, and the remaining markers were then used for association analysis. For the mixed linear model (MLM), both K and Q matrices were incorporated (Lu et al. 2015) , whereas information on only population structure (Q-matrix) was used as a covariate in general linear model (GLM). SPAGeDi (Hardy and Vekemans 2002) was used to calculate kinship (K) coefficients. A kinship coefficient computed as a correlation coefficient between allelic states (Loiselle et al. 1995) . All negative kinship values were set to zero (Yu et al. 2006 ). Significance of Marker-Trait Association (MTA) was tested by two thresholds viz. Bonferroni correction and false discovery rate (FDR). Bonferroni-corrected threshold probability based on individual tests is calculated to correct for multiple comparisons, using 1/N (a = 0.05), where N is the number markers tested. The Bonferroni threshold was 1/16 *0.05 = 0.003125, where 16 is the number of association tests for each trait in this study. The FDR was performed (FDR, a c = 0.05) according to Benjamini and Hochberg (1995) . In addition to association analysis, single marker analysis (SMA) was performed for CcTFL1 gene using SPSS ver. 16.
Results
Analysis of variance and estimates of genetic parameters
Highly significant mean sum of squares due to checks and test genotypes were observed for all the plant ideotype traits except PB (Table 2 ). Mean squares due to 'genotypes versus checks' were significant for all traits except PH and PB. The estimates of mean values with wider range were observed for all the traits across 137 genotypes (Table 3) . These results suggested adequate variability among the pigeonpea genotypes examined. Higher values were obtained for both genetic coefficient of variation (GCV) and phenotypic coefficient of variation (PCV) in case of IF, DFF and PH. Lower GCV and higher PCV were observed for DM and PB, while SP and PL had lower GCV and PCV with greater differences between the two. The estimate of h 2 ranged from 0.13 (PB) to 0.73 (IF) ( 
Variance components
Components of variance due to genotypes and residual (error) and their respective standard errors were estimated (Table 4) . The variance components due to random factors genotype and their residual (error) were significant (p \ 0.05) in comparison to fixed factor for all the traits. Variance due to genotype (r g 2 ) was higher than error variance (r e 2 ) for IF, DFF and PH traits. By contrast, estimates of r g 2 were smaller than those of r e 2 for DM, PB, SP and PL. Further, to study the variability for each trait based on residual VCOV matrix (G) and to identify best model, the structures of VCOV matrix were compared. The differences for AIC and BIC were used to select the best VCOV models. Out of five models tested (ID, DIAG, AR1, AR2 and UNI), the AIC and BIC values were lower for all the six traits in AR 1 model. On the other hand, the ID model suggested lower AIC and BIC values for SP, indicating the suitability of this model for this particular trait. Finally, appropriate models were used to obtain predicated values. These values were further used to obtain genetic correlations that were compared with phenotypic correlations (Fig. 1) . Three traits IF, DFF and DM showed significant positive correlations for both phenotypic and genetic correlations (Suppl . Table 3 ). However, PB versus PH and SP versus PB showed significant positive correlations only for phenotypic correlations. The PL showed least correlations with all remaining traits for both phenotypic and genetic correlations. It was also evident from the heat map that most of traits with lower correlations were observed for genetic correlations compared to phenotypic correlations.
Population structure and association panel
A subset of 95 pigeonpea genotypes was selected from the collection of 137 genotypes. Suitability of this panel for association analysis was supported by frequency distribution graphs and clustering pattern inferred from both model-and distance-based approaches. The frequency distribution graph showed normal distribution for plant ideotype traits (Fig. 2) . Genetic structure of the diversity panel was deciphered using genotypic data of 19 ASSRs and one SNP marker that span seven LGs. Maximum delta K (ad hoc quantity) was noted at K = 2, when analyzed for presumed K of 1-10. In other words, the analysis uncovered two sub-populations in the entire collection. The clustering patterns emanating from STRUCTURE analysis gathered support from other distance-based approaches including neighbor-joining (NJ) tree and factorial analysis (Fig. 3a-c) .
Association analysis and validation of QTL linked markers
Association mapping technique was implemented to identify and validate QTLs controlling traits related to plant type, earliness and growth habit in pigeonpea. Nineteen genic SSRs and one CcTFL1-based SNP marker were used to elucidate the genetic structure of 95 pigeonpea genotypes. Association analysis was performed using the BLUP values, and three different models were used GLM Q, K and MLM QK. Markers with MAF of less than 5% were removed, and consequently, 16 of the total 20 markers were found to be appropriate for association analysis. By using the criterion p \ 0.05, the association analysis could detect 10 SSRs tightly associated with plant ideotype traits (Table 5 ). Of these, four markers ASSR8, ASSR390, ASSR295 and ASSR610 remained significant across all three approaches. However, most of these MTAs did not show significance when subjected to the FDR and Bonferroni corrections. Two markers (ASSR 8 and ASSR390) for GML Q, three markers (ASSRs 8, 295, 390) and four markers (ASSRs 8, 295, 390, 610) for MLM K did qualify the FDR and Bonferroni correction. Out of five previously *GCV genotypic coefficient of variance, PCV phenotypic coefficient of variance, h 2 broad sense heritability, GAM genetic advance as percent of mean, CV coefficient of variation, IF days to initiation of flower, DFF days to 50% flowering, DM days to maturity, PB number of primary branches, SP seeds per pod, PH plant height (cm), PL pod length (cm) reported QTL/gene-linked markers tested here (ASSRs 295, 206, 408, 1486 and CcTFL1) , only one marker ASSR295 remained significant with FDR and Bonferroni corrections and showed association with DM, IF and DFF with PVs being 16, 15, 14%, respectively. Interestingly, we identified two new markers ASSR8 and ASSR390 that qualified for FDR and Bonferroni correction in three approaches and showed associations with IF, DFF, DM and PB. However, ASSR610 qualified for FDR and Bonferroni only in MLM QK and explained 9% PV for DM. Since CcTFL1-based SNP marker could not be included in association analysis due to MAF \ 5%, SMA was performed for validating this marker and the analysis revealed significant MTAs for IF, DFF, DM and PL with up to 6% PV.
Determination of favorable marker alleles
Box plot analysis was performed to figure out the allele of associated markers (ASSR8, ASSR390, ASSR295 and CcTFL 1) that contributed favorably to desired plant ideotype (Fig. 4) We also examined efficiency of an SNP marker to discriminate DT and IDT types among 120 genotypes (Fig. 5) . The SNP alleles were scored according to Mir and colleagues (2014) . Out of 104 IDT types, 81 genotypes had specific allele (734 bp) thus reflecting an efficiency of 77.9%. On the other hand, 56.3% efficiency was observed for DT-specific allele where nine of the total 16 DT genotypes could show 167 bp specific allele.
Discussion
Considerable genetic variability was obtained for all plant ideotype traits analyzed in the current study. Significant differences with wider mean range for yield attributing traits remained in agreement with an earlier study involving advanced breeding lines of pigeonpea (Meena et al. 2017) . Similar results were also reported in pigeonpea for plant height by other researchers (Bhadru 2010; Satheesh et al. 2013) . Insights on relative contribution of genetic (GCV) and non-genetic (PCV) sources for the trait expression are of great importance . In this study, we observed higher GCV and PCV with least differences for IF, DFF and PH indicating these characters to be predominantly under genetic control and consequent responsiveness of these traits for direct selection during trait improvement. Researchers have previously found similar patterns for DFF (Lakhote et al. 2015) , and DFF and PH (Meena et al. 2017) in pigeonpea. Higher differences between GCV and PCV for DM, PB, SP and PL suggested profound impact of environment on these traits, which renders response of these traits to direct selection a bit unpredictable. Similarly, Meena et al. (2017) also concluded greater influence of environment on traits like number of seeds/pod based on higher difference between GCV and PCV in pigeonpea. Stronger influence of experimental circumstances on the expression of DM, PB, SP and PL was supported by REML analysis, which revealed lesser values of r g 2 than r e 2 for these traits. By contrast, higher r g 2 estimates for IF, DFF and PH indicated towards strong genetic control of these traits. Low heritability estimates for DM, SP, PL and PB also reflected influence of experimental circumstances. Similar results were obtained for such traits in pigeonpea by other researchers (Chetukuri et al. 2013 ). Higher CV values for PB, PH, IF, DFF and DM indicated these traits accounted for greater variability among the genotypes compared to SP and PL. The CV values for each trait in this study are congruent with the findings of Saroj et al. (2013) .
The mixed model approach is suitable for evaluating the heterogeneity of genetic variances (Malosetti et al. 2013) . Structures of VCOV matrix were compared for each trait among different models. All traits showed better fit to first order autoregressive heterogeneous variance model AR1, except SP than showed better fit to homogeneous residual genetic variance ID model. These models were used to model the traits for genetic correlations. The estimates of genetic correlations clearly indicated the strong association among plant earliness traits i.e. IF, DFF and DM. Analysis of phenotypic data demonstrates genetic control of these traits such as IF, DFF, DM and PH, and hence are suitable for detection of MTAs. Bimodal distribution patterns were obtained for PH and DF suggesting involvement of major genes in comparison to other traits like PB, PD and MT that showed normal distribution patterns with possibility of multiple genes (Kumawat et al. 2012) . However, Geddam et al. (2014) reported normal distribution of phenotypic variation for DF, DM, PH, SB and PD, thus suggesting potential involvement of multiple genes in phenotypic manifestation of these attributes. Our results strongly corroborate with the distribution patterns reported earlier in pigeonpea. Analysis of genetic structure of the pigeonpea collection revealed two subpopulations in the collection. Our observation is congruent with a recent study that established two subpopulations based on the analysis of 94 pigeonpea genotypes with 60 SSRs . Similarly, Patil et al. (2017) have also found two subpopulations among 89 pigeonpea genotypes using 65 SSRs.
The potential of association analysis in validation of putative QTLs has been shown in various crops including durum wheat (Amallah et al. 2016 ). In the current study, we conducted association analysis using the BLUP values for each trait. To control false positive associations, three models GLM Q, K and MLM QK were used. Lu et al. (2018) performed GWAS for seed dormancy in rice and the authors found the K and Q ? K models having greater control of type I errors. Similar to the present study, the MLM approach has been used for trait mapping in other grain legumes such as common bean (Shi et al. 2011) , chickpea (Thudi et al. 2014 ) and soybean (Hu et al. 2014) . Based on these three association analysis approaches, total 10 SSRs were identified using the criteria of p \ 0.05. However, only four SSRs could reach the level of significance across all three approaches and qualified for FDR and Bonferroni corrections. Of the five SSRs that flanked QTL region in an earlier study (Kumawat et al. 2012) , only ASSR295 was found to be significant with FDR and Bonferroni corrections and showed genetic linkages with DM, IF and DFF. The MTA explained up to 16% PV for these three traits. The remaining markers (ASSR1486, ASSR 206, and ASSR408), however, could only qualify for the criterion of p \ 0.05, and hence declared as false positives in this study. In addition, here we identified new markers i.e. ASSR8 and ASSR 390 qualifying FDR and Bonferroni corrections in three approaches and showed association with IF, DFF, DM and PB; and ASSR610 could pass the same criteria only in MLM QK approach. ASSR8 explained overall PV of 22% (IF), 17% (DFF), 18% (DM) and 11% (PB). Similarly, ASSR390 explained overall PV of 17% (IF), 15% (DFF) and 13.3% (DM); whereas ASSR610 accounted for 9% of the PV for DM. It is interesting to note that we found an additional set of SSR markers relevant to the component traits, which could not be detected by Kumawat et al. (2012) . In addition to traitlinked SSRs, we validated one candidate gene-based SNP for determinacy trait as reported earlier by Mir et al. (2014) . As the SNP was excluded from association analysis, we validated this marker through SMA where it explained up to 9% PV for IF, DFF, DM and PL. These results implied towards the potential role of CcTFL1 gene in regulating flowering and earliness traits in pigeonpea. Earlier, SMA has been used successfully for establishment of MTAs in pigeonpea and groundnut Mace et al. 2006; Mondal and Badigannavar 2010) . Finally, we checked the discrimination efficiency of CcTFL 1 for determinacy trait and found 77.9 and 56.3% efficiency for IDT (734) and DT (167 bp) specific alleles, respectively. The difference in efficiencies may be attributable to varying sizes of the samples containing IDT and DT types. The box plots generated to detect favorable allele of trait-linked SSRs suggested that the alleles ASSR8 150 , ASSR390 170 , ASSR295 140 and CcTFL1 734 significantly contributed to earliness and plant type traits in pigeonpea. Similar approach has been used in other crops to discover the contributing allele of a linked marker for a trait, for instance SNP alleles for plant height, grain yield and release of glucose in wheat (Bellucci et al. 2015) , fruit quality in tomato (Albert et al. 2016) , lint percentage in upland cotton (Su et al. 2016 ) and dry matter content in cassava (Rabbi et al. 2017) .
Conclusion
In summary, we attempted to validate a set of QTLs for plant ideotype traits across diverse collection of pigeonpea. These putative QTL regions were reported previously in biparental populations (Kumawat et al. 2012; Geddam et al. 2014) . We could validate only one SSR (ASSR295) that showed significant association with earliness traits. Also, we detected new SSRs (ASSR8, ASSR390 and ASSR610), which accounted for higher PV in comparison to previously reported markers. Additionally, we confirmed association of CcTFL1 with earliness trait in pigeonpea, and discrimination efficiency of this marker was computed with respect to determinacy trait. The information presented in this study could provide new avenues for exercising MAS to rapidly breed superior plant types of pigeonpea with early maturity and desirable growth habit.
